Abstract: Hybrid density functional theory calculations at the mPW1PW91/6-31+G(d,p) level of theory have been used to investigate the optimized structures and other molecular properties of five different series of thiosemicarbazones. The investigated compounds were obtained from acenaphthenequinone, isatin and its derivatives, and alloxan. The focus of the study is the isomerism and the NMR characterization of these thiosemicarbazones. It was found that only one isomer is expected for thiosemicarbazones and methylthiosemicarbazones, while for dimethylthiosemicarbazones, two isomers are possible. All investigated thiosemicarbazones exhibit a hydrazinic proton that is highly deshielded and resonates far downfield in the proton NMR spectra. This proton is a part of a characteristic sixmembered ring, and its NMR properties are a result of its strong, intermolecular hydrogen bond. The relationships between the calculated 1 H and 13 C NMR chemical shifts and various geometric parameters are reported.
Introduction
Transition metal complexes with heterocyclic thiosemicarbazone (TSC) ligands have attracted a great deal of research interest owing to their potential biological activity [1] . TSC ligands have invited considerable interest for a variety of reasons, such as variable bonding properties, because of the presence of several donor sites, structural diversity and pharmacological aspects. As medicinal reagents, TSC metal complexes have been deemed to be crucial in antifungal, antiviral, anticancer and antitumor therapy [2] [3] [4] [5] [6] . * E-mail: albu@tntech.edu It was proposed that TSC drugs may act to inhibit viruses by chelating to copper(II) a constituent of the virus. In particular, certain copper(II) chelate complexes with thiosemicarbazones exhibit a hypoxic selectivity [7] and are used as carriers for radioactive Cu isotope transport to tumor cells [8, 9] .
Thiosemicarbazones are typically obtained in condensation reactions between ketones and thiosemicarbazides. The thiosemicarbazones investigated in the current study were obtained starting from α-diketo compounds. The study focuses on five series of thiosemicarbazones based on acenaphthenequinone, isatin, 1-methylisatin, isatin-5-sulfonate, and alloxan. Each series includes the thiosemicarbazone (TSC), the N4 -methylthiosemicarbazone (MTSC), and the N4 -dimethylthiosemicarbazone (DMTSC). In total, fifteen molecules were investigated: acenaphthenequinone TSC (1) denoted ANQ-TSC, acenaphthenequinone MTSC (2) denoted ANQ-MTSC, acenaphthenequinone DMTSC (3) denoted ANQ-DMTSC, isatin-3-thiosemicarbazone (4) denoted I-TSC, isatin MTSC (5) denoted I-MTSC, isatin DMTSC (6) denoted I-DMTSC, 1-methylisatin-3-thiosemicarbazone (7) denoted MI-TSC, 1-methylisatin MTSC (8) denoted MI-MTSC, 1-methylisatin DMTSC (9) denoted MI-DMTSC, isatin-5-sulfonate-3-thiosemicarbazone (10) denoted IS-TSC, isatin-5-sulfonate MTSC (11) denoted IS-MTSC, isatin-5-sulfonate DMTSC (12) denoted IS-DMTSC, alloxan thiosemicarbazone (13) denoted ALL-TSC, alloxan MTSC (14) denoted ALL-MTSC, and alloxan DMTSC (15) denoted ALL-DMTSC [10] . The optimized structures of these compounds are shown in Figures 1-5 . The IUPAC numbering scheme of the thiosemicarbazone moiety and the definition of H A , H B , and H C protons are given in Figure 6 .
Acenaphthenequinone, a polycyclic aromatic compound derived from naphthalene, is used as an intermediate for the manufacturing of dyes, pharmaceuticals and pesticides. ANQ-TSC, ANQ-MTSC, and ANQ-DMTSC were synthesized and characterized by 1 H NMR, 13 C NMR and infrared spectroscopy by Lisic and coworkers [11, 12] . Alloxan is an especially interesting diketo compound because it was reported to be a potent agent for the selective destruction of pancreatic β-cells of mice which can result in inducing permanent diabetes [13] [14] [15] . ALL-TSC was found to be active in vitro against a wide variety of bacteria, yeasts, and molds that are pathogenic to animals and plants, and it was also used in formulating mold-resistant vinyl coatings and plasticizers [16] . Lisic and coworkers [17] recently reported the synthesis and spectroscopic properties of an alloxan thiosemicarbazone series that includes the three compounds examined here.
Isatin-based thiosemicarbazones have long been investigated for their benefic biological activity [18] . I-TSC and MI-TSC were the first antiviral drugs used in humans [19] , and it has been proposed that their mode of action may involve metal ion chelation [20] . MI-TSC as well as 1-ethylisatin and 2-hydroxyethyl thiosemicarbazones were determined to be effective antiviral chemoprophylactic agents in tissue cultures, animal studies, and clinical practice [21] . Different derivatives of MI-TSC also possess significant anticancer activity [22] . It was also found that isatin-based thiosemicarbazones protect mice against intracerebral vaccinia virus while isatin-based semicarbazones were inactive [23] . Bain et al. [24] reported the synthesis and spectroscopic investigations of N4 -substituted isatin thiosemicarbazones and their copper(II) complexes. MI-MTSC, MI-DMTSC and their complexes with cobalt(II), nickel(II), and copper(II) ions were prepared and characterized by spectral methods [25] . Other derivatives obtained by substituting groups at different other positions of the isatin and TSC moieties were also reported [12, [26] [27] [28] [29] . In a few of these studies the focus was on obtaining water-soluble analogues of isatin thiosemicarbazone by substituting isatin at the aromatic ring. Sulfonic acid derivatives are especially interesting because they are ionized in the sulfonate form in solution. The synthesis and properties of IS-TSC [27] , IS-MTSC [12] , and IS-DMTSC [12] were reported. A few more recent studies describe the synthesis and structural characterization of transition metal complexes of thiosemicarbazones derived from isatin and its derivatives [30] [31] [32] [33] [34] .
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In an early study of IS-TSC by Stünzi [35] , the Z and E isomers obtained with respect to the C=N1 bond and the Z-E isomerization process were investigated in aqueous solution. It was found that the Z isomer is favored over the E isomer by approximately an order of magnitude. Based on this and other reported experimental results, as presented in Figures 1-5 , for the thiosemicarbazones investigated in this study, only the Z isomers were considered. Figure 6 shows that only the Z configuration with respect to the C=N1 bond allow for an intramolecular hydrogen bond interaction between H A and O A . More recently, the study of Bain et al. [24] on I-DMTSC and other thiosemicarbazones reported the existence of two isomers obtained by rotation around the N2 -C3 bond. This is formally a single bond and the two structures should be just conformers, but if the rotation around the N2 -C3 bond were impeded, the two structures can be considered as geometric isomers. Bain et al. labeled these isomers as ZE and ZZ isomers to include the Z configuration around C=N1 bond. In the current paper, it is preferred to abandon the first Z and to label the two isomers just E and Z, as presented in Figure 6 . The relative distribution between the two isomers was found to be 85:15, however Bain et al. could not distinguish experimentally which of the two observed isomers is more abundant.
Theoretical studies can further advance the understanding of the molecular properties of TSC compounds and their complexes with transitional metals, and a few such studies have been recently reported [36] [37] [38] [39] [40] [41] . Some studies have focused on optimized geometries and conformational distribution [37, 38] while others have focused mainly on their NMR properties [39] [40] [41] . We recently reported the results of a hybrid density functional theory investigation of a series of alloxan-based thiosemicarbazones and semicarbazones [42] . In a related study, the conformational analysis of 4-methyl-3-thiosemicarbazide was investigated using ab initio methods by Chambers et al. [43] .
The hybrid density functional theory study presented here investigates the relative stabilities of various isomers (or conformers) of the investigated thiosemicarbazones and the correlation between the calculated and experimental 1 H and 13 C NMR chemical shifts. Relationships between the NMR chemical shifts and various molecular parameters are examined. The results can also be used to assign more accurately some 1 H and 13 C chemical shifts that are experimentally difficult to interpret.
Computational Methods
The level of electronic structure theory used in this study is mPW1PW91 [44] in conjunction with the 6-31+G(d,p) basis set. The mPW1PW91 method is a hybrid density functional theory method that employs a 25% Hartree-Fock exchange contribution, the modified Perdew-Wang (mPW) exchange functional [44] , and the PW91 correlation functional [45] . This hybrid density functional theory method gives accurate molecular properties such as geometries, vibrational frequencies, and enthalpies of formation, and it was also shown to give accurate NMR chemical shifts [46, 47] . The results obtained in our previous study [42] showed that the methodology employed here is appropriate for studying this class of compounds. All investigated systems are closed-shell systems, and the calculations were carried out using restricted wave functions. The sulfonic acid derivatives were calculated in ionized form with a charge of -1; all other systems were neutral. The molecular optimizations were carried out using tight convergence criteria to properly define the molecular geometries. The optimized minimum structures determined to be true energy minima (not saddle points) by vibrational analysis that yielded no imaginary frequencies. The saddle point optimizations give structures characterized by one imaginary frequency. The NMR chemical shifts were obtained from Gauge-Independent Atomic Orbital (GIAO) calculations [48] [49] [50] at the same level of theory, mPW1PW91/6-31+G(d,p), as the geometry optimization. To convert the chemical shifts to ppm and compare them with the experimental values, the calculated isotropic values were subtracted from the calculated isotropic values of 1 H and 13 C in optimized TMS (31.6515 and 196.597 , respectively) at the same level of theory. Atomic charges based on Mulliken population analysis [51] [52] [53] [54] and based on generalized atomic polar tensor (GAPT) methodology [55] [56] [57] were calculated. All electronic structure calculations were carried out using the Gaussian 03 suite of programs [58] .
Results
The results of this study are presented in five tables and five figures. Table 1 lists selected optimized geometrical parameters (describing atom locations around H A ) for the studied compounds, and Table 2 lists calculated energetic parameters, relative isomeric populations, and calculated dipole moments. Tables 3 and 4 list selected experimental  and calculated 1 H NMR and 13 C NMR chemical shifts, respectively. Finally, Table 5 lists selected GAPT and Mulliken atomic charges for all investigated compounds. Table 2 Calculated energetic parameters for the Z → E isomerization process (kcal/mol), the calculated relative abundance of the two isomers at 298 K, and the calculated dipole moments (D) for the two isomers. a The experimental results for ANQ-TSC and ANQ-MTSC are from reference [11] , for ANQ-DMTSC, IS-TSC, IS-MTSC, and IS-DMTSC are from reference [12] , for I-TSC, I-MTSC, I-DMTSC are from reference [24] , for MI-TSC are from reference [33] , for MI-MTSC and MI-DMTSC are from reference [25] , and for ALL-TSC, ALL-MTSC, and ALL-DMTSC are from reference [17] . All data is obtained in DMSO-d 6 . b The calculated results are in gas phase. a The experimental results for ANQ-TSC and ANQ-MTSC are from reference [11] , for ANQ-DMTSC, IS-TSC, IS-MTSC, and IS-DMTSC are from reference [12] , for I-TSC, I-MTSC, I-DMTSC are from reference [24] , for MI-TSC are from reference [33] , for MI-MTSC and MI-DMTSC are from reference [25] , and for ALL-TSC, ALL-MTSC, and ALL-DMTSC are from reference [17] . All data is obtained in DMSO-d 6 . b The calculated results are in gas phase. 
Discussion
All investigated thiosemicarbazones have been studied having Z configuration for the C=N1 bond. A focus of our study was to investigate the hydrogen bonding interaction between H A and O A , and only the Z configuration allows for this interaction. A more interesting feature of the geometry of these compounds is the structure around the N2 -C3 bond. Figure 6 shows the two possible isomers obtained by rotation around this formal single bond, isomers that are labeled Z and E throughout the paper. We were interested in determining if both of these isomers can be formed (or can be present in solution) and whether they are actual conformers or structural isomers. The later is equivalent to determining if the rotation around the N2 -C3 bond were free or restricted. The rotation around the C3 -N4 bond was investigated in a previous study of alloxan-based thiosemicarbazones [42] and is not investigated further here. While inspecting the optimized geometries obtained for both E and Z conformers of all 15 investigated thiosemicarbazones (Figures 1-5) , it was found that all E isomers of TSC, all E isomers of MTSC and all Z isomers for MTSC have planar structures (i.e., C s symmetry). The other isomers (all Z isomers of TSC, all Z and E isomers of DMTSC) are non-planar, mainly due to the hydrogen atoms or methyl groups bonded to N4 . For the Z isomers of TSC, H B -N4 -C3 -N2 and H C -N4 -C3 -N2 dihedral angles are about -10 and 5 degrees, respectively. For the E isomers of DMTSC, C B -N4 -C3 -N2 and C C -N4 -C3 -N2 dihedral angles are about 25 and 10 degrees, respectively, while for the Z isomers of DMTSC, C B -N4 -C3 -N2 and C C -N4 -C3 -N2 dihedral angles are about 10 and 5 degrees, respectively. The C B represents the carbon atom of the methyl group replacing H B , and the C C represents the carbon atom of the methyl group replacing H C . ... H A internuclear distance.
It was also found that, even for the non-planar compounds, the N1 , N2 , H A , S, C3 , and N4 atoms are almost planar. This implies an sp 2 hybridization for N2 and a partial double bond between N2 and C3 , most likely a result of resonance with the C=S bond. A partial double bond between N2 and C3 will result in a shorter bond than a single C-N bond. The calculated N2 -C3 bond distance is approximately 1.37-1.40 A in the optimized structures. This value is between the C-N bond distance of 1.46 A in CH 3 -NH 2 and the C=N bond distance of 1.27 A in CH 2 =NH, obtained at the same level of theory, mPW1PW91/6-31+G(p,d), as the TSC calculations. These results confirm the existence of a partial double bond between N2 and C3 . Is this partial double bond strong enough The classical (i.e., zero-point exclusive) barrier heights for the Z → E isomerization process are calculated to be 9.16, 7.10, and 6.33 kcal/mol for I-TSC, I-MTSC, and I-DMTSC, respectively. For the reverse process, E → Z, the calculated classical barrier heights are 16.37, 14.42, and 7.58 kcal/mol for I-TSC, I-MTSC, and I-DMTSC, respectively. These values are much larger than the barrier height for rotation around a single C-C bond (which is about 3 kcal/mol) supporting the idea of a restricted rotation along the N2 -C3 bond, at least for I-TSC and I-MTSC. This restricted rotation along the N2 -C3 bond suggests that the two isomers are structural isomers rather than conformers, and that the use of Z and E labels, which is consistent with the study of Bain et al. [24] , is justifiable. The barrier height for I-DMTSC (as well as the ones for I-TSC and I-DMTSC) is probably underestimated by the level of theory used in this study consid-ering that the calculated value would probably result in a relatively fast rotation on the NMR time scale in solution and therefore unique, averaged resonances for both isomers. The experimental observation of distinct resonances for each isomer suggests however, that the isomerization process, if at all possible, will be kinetically slow. The zero-point inclusive barrier heights for the Z → E isomerization process are also calculated to be high for a free rotation, with values of 9.13, 7.02, and 6.07 kcal/mol for I-TSC, I-MTSC, and I-DMTSC, respectively. The saddle points for the isomerization process have N1 -N2 -C3 -N4 dihedral angles of approximately 108 degrees, and imaginary frequencies of around 91.7i, 58.7i, and 56.6i cm -1 for I-TSC, I-MTSC, and I-DMTSC, respectively. A complete description of the calculated saddle points is provided in the Supplementary Material [59] . Table 2 . In this table, ΔE is the zero-point exclusive reaction energy, ΔH 0 is the enthalpy of reaction at 0 K (i.e., zero-point inclusive reaction energy), ΔH 298 and ΔG 298 are the enthalpy and the Gibbs free energy of reaction at 298 K. The results show that the Z → E process is exothermic for all investigated thiosemicarbazones. Also in Table 2 , N E /N Z is the calculated relative distribution (based of the Gibbs free energy of the isomerization process) of the two isomers in the gas phase at 298 K. With one exception (I-DMTSC), the E isomer is calculated to always be more abundant than the Z isomer in the gas phase. It is also obvious that, for the TSC and MTSC compounds, the E isomer is much more abundant than the Z isomer (with an average of ΔG 298 of -7.8 and -8.0 kcal/mol, respectively) while for DMTSC compounds the two isomers are much closer in stability. Based on these results, one can postulate that the presence of the Z isomers is very unlikely for the TSC and MTSC compounds, both in gas phase and in solution. Accordingly, in further investigating the chemical shifts and their correlation with various parameters, only the E isomers of TSC and MTSC are being considered. The results are, however, not so definitive for the DMTSC compounds, where both isomers are possible. Moreover, considering the solvation occurring in solution, the isomer with the higher dipole moment (the Z isomer for IS-DMTSC and ALL-DMTSC) will be preferred over the isomer with the smaller dipole moment. The dipole moments for the two isomers of each investigated thiosemicarbazone are listed in Table 2 .
Besides investigating the structural aspects of the investigated compounds, another goal of this study is to gain a better understanding of the molecular properties determining the NMR behavior of these thiosemicarbazones. The main focus was on the 1 H NMR signals of the hydrazinic proton H A because it appears at large chemical shifts (12.4 to 14.2 ppm), mainly due to strong hydrogen-bonding interaction with the carbonyl oxygen atom O A . The calculated isotropic magnetic shielding tensors for the other protons are given in the Supplementary Material [59] .
A plot of the calculated versus the experimental NMR chemical shifts for the H A protons in all thiosemicarbazones (E isomers for TSC and MTSC, Z and E isomers for DMTSC) is represented in Figure 7 . For each series of thiosemicarbazones, the chemical shift in TSC is smaller than that in MTSC. Experimentally, the chemical shift in DMTSC is larger than both TSC and MTSC. The calculated chemical shift values for the Z isomers of DMTSC show the same trend, while the chemical shifts for the E isomers are typically smaller than (or almost equal to) that of TSC and MTSC. The chemical shift difference between E and Z conformer of DMTSC compounds is approximately 1.00 ppm. Although the calculated chemical shift values are generally larger than the experimental ones, it is evident that a better correlation is obtained with the Z isomers of DMTSC (diamonds) rather than with the E isomers (triangles). This result implies that the Z isomer is more abundant in solution, and the experimental chemical shifts values for DMTSC are most likely obtained for the Z isomer. Accordingly, for the rest of our investigation, the E isomers of DMTSC were neglected, and only the Z isomers of DMTSC were considered. Figure 10 . In these correlations though, the alloxan-based thiosemicarbazones have a slightly different behavior and appear more as outliers. They, however, follow the same general trends of calculated H A chemical shift decreasing with increasing the N2
... O A distance. Based on these results, one can conclude that the local geometry near the H A proton is a determining factor in its NMR properties.
If the chemical shifts were dependent on the N2 -H A distance (due to the hydrogen bond between H A and O A ), and considering that the internuclear distance is dependent on the strength of a chemical bond, then there should be a good correlation between the H A chemical shift and the strength of the N2 -H A bond. There is indeed a very good inverse relationship between the calculated frequency associated with the N2 -H A stretching mode, a measure of the strength of the N2 -H A bond, and the experimental and calculated H A chemical shifts. These dependencies are presented in Figure 11 . By investigating in more detail the dependencies in Figure 11 , one can conclude that the force constant for the N2 -H A stretching mode is different for the thiosemicarbazones in the ANQ series because they appear as outliers in the representations. A good linear correlation between the calculated or experimental chemical shifts of H A and the calculated Mulliken charges or GAPT charges of H A was not found. This is most likely due to the limitations of charge calculations that are known to be basis set dependent. Selected calculated Mulliken and GAPT charges are given in Table 5 .
The calculations presented here allow for the identifications of the two isomers reported for I-DMTSC by West and coworkers [24] . In that study, West and coworkers reported two isomers for I-DMTSC in a ratio of 85:15. The methods used in that study did not allow for the complete identification of those isomers. The results presented here support the identification of the isomer with a greater chemical shift as the Z isomer, and the identification of the isomer with a lower chemical shift as the E isomer. This assignment is shown in Table 3 . By making this assignment, however, the calculated 13 C NMR chemical shifts for C3 (180.86 ppm for the E isomer and 175.80 for the Z isomer) are inconsistent with the experimental values (178.99 for the E isomer and 182.12 for the Z isomer). This disagreement could be a result of a possible misassignment of the experimental data [24] . Other calculated 13 C NMR chemical shifts as well as available experimental data are given in Table 4 . These results as well as the values in the Supplementary Material [59] can be used to properly assign some NMR signals that are more difficult to assign based only on experiments.
Conclusions
This paper presents the results of a computational study at the mPW1PW91/6-31+G(d,p) level of theory of five series of thiosemicarbazones. We investigated various molecular properties including: the optimized structures, selected rotational barrier heights, dipole moments and 1 H and 13 C NMR chemical shifts. These results can be used as the basis for assigning experimentally observed NMR signals. Hydrogen-bond interactions are responsible for remarkable downfield 1 H NMR peaks for these types of compounds. The most important hydrogen-bond interaction for H A is with O A . Various linear relationships between the chemical shift of the hydrazinic proton H A and selected geometric parameters or the N2 -H A stretching frequency have been observed.
